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Landsat-7 ETM+ (SLC-off) multispectral satellite imagery was tested to identify and 
delineate natural stands of wild rice (Zizania palustris L.) from other aquatic vegetation 
growing on area lakes of the Leech Lake Native American reservation in northern 
Minnesota.  Leech Lake is located within the Mississippi River Headwaters drainage 
ecosystem and contains some of the largest natural stands of wild rice in the country.  
Local indigenous knowledge; in this case, the knowledge of Ojibwe tribal elders who 
have traditionally harvested wild rice by canoe for centuries, was utilized to build training 
data polygons for a supervised classification.  By testing several supervised classification 
algorithms, it was hypothesized that wild rice could be delineated from other aquatic 
vegetation, but the coarse (30 m X 30 m) spatial resolution of Landat-7 ETM+ 
multispectral imagery (bands 1-5) would be a limiting factor.  Masking upland areas 
using a 5-category ISODATA Boolean mask improved the classification results of the 
aquatic emergent vegetation.  Maximum likelihood classification yielded a 79.03% 
accuracy (kappa = 0.6747) and a minimum distance to means classification yielded a 
51.61% accuracy (kappa = 0.2092).  It was also discovered that by adding band 7 to the 
stack, the accuracy of the maximum likelihood classifier dropped to 43.55% accuracy 
(kappa = 0.1891); therefore, band 7 was omitted from the study. 
 
The use of local indigenous knowledge, which includes personal observations and 
recollection of past harvest years, in conjunction with satellite remote sensing data 
demonstrated a more precise methodology for identifying culturally important resources 
on tribal lands.  It is recommended that higher spatial resolution imagery be used in 
conjunction with local indigenous knowledge to identify and delineate species-specific 
landcover categories such as wild rice.  This unique methodology has great potential in 























































































































AISES      American Indian Science & Engineering Society 
ATLAS     Airborne TerrestriaL Applications Sensor 
BR      Bulrush (Scirpus spp.) 
CT      Cattail (Typha spp.) 
DCA      Detrended Correspondence Analysis 
EROS      Earth Resources Observation and Science 
ETM+      Enhanced Thematic Mapper Plus 
FEWS      Famine Early Warning Systems 
IEK      Indigenous Ecological Knowledge 
IPCC      Intergovernmental Panel on Climate Change 
ISODATA    Iterative Self‐Organizing Data Analysis Technique 




MNF      Minimum Noise Fraction 
NARSDEP    Native American Remote Sensing Distance Education  
NASA      National Aeronautical and Space Administration 
NIR      Near Infrared 
NTSG      Numerical Terradynamic Simulation Group 
OW      Open Water 
PCA      Principle Components Analysis 
SLC      Scan Line Corrector 
TEK      Traditional Ecological Knowledge 
TM      Thematic Mapper 
UTM      Universal Transverse Mercator 
VIS      VISible spectrum 
UAV      Unmanned Aerial Vehicles 
WR      Wild Rice (Zizania palustris L.) 











































































































































































































































































































































































































































































































































Category  Description  Label  Species 
1  Wild Rice  WR  Zizania palustris L. 
2  Open Water  OW   
3  Cattail  CT  Typha latifolia L. 






















































































































































































































Table 3: Error Matrix for Maximum Likelihood and Mahalanobis Distance Classifications of 
the Headquarters Bay study area using spectral bands 1-5 (accuracy results for both 
algorithms were identical). 
      
  Reference Data   
Classified Data Cattail Open Water Wild Rice Row Total 
6 0 0 6 
0 24 1 25 
Cattail 
Open Water 
Wild Rice 10 2 19 31 
Column Total 16 26 20 62 
      
   Overall Accuracy = 79.03% 
   Kappa = 0.6747  
      









Accuracy User Accuracy 
Cattail 16 6 6 37.50% 100.00% 
Open Water 26 25 24 92.31% 96.00% 
Wild Rice 20 31 19 95.00% 61.29% 




















Table 4: Error Matrix for Minimum Distance to Means Classification of the Headquarters Bay 
study area using spectral bands 1-5. 
      
  Reference Data   
Classified Data Cattail Open Water Wild Rice Row Total 
0 0 0 0 
2 26 14 42 
Cattail 
Open Water 
Wild Rice 14 0 6 20 
Column Total 16 26 20 62 
      
   Overall Accuracy = 51.61% 
   Kappa = 0.2092  
      









Accuracy User Accuracy 
Cattail 16 0 0   
Open Water 26 42 26 100.00% 61.90% 
Wild Rice 20 20 6 30.00% 30.00% 








Table 5: Error Matrix for the Parallelpiped Classification of the Headquarters Bay study 
area using spectral bands 1-5. 
      
  Reference Data  
Classified Data Cattail Open Water Wild Rice Row Total 
5 0 0 5 
0 24 1 25 
Cattail 
Open Water 
Wild Rice 11 2 19 32 
Column Total 16 26 20 62 
      
   Overall Accuracy = 77.42% 
   Kappa = 0.6492  
      









Accuracy User Accuracy 
Cattail 16 5 5 31.25% 100.00% 
Open Water 26 25 24 92.31% 96.00% 
Wild Rice 20 32 19 95.00% 59.00% 
Totals 62 62 48   
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V. Discussion 
Error Matrix.  The maximum likelihood algorithm, and subsequently Mahalanobis 
distance, performed the best in this study with an overall accuracy of 79.03% 
accuracy (kappa = 0.6747).  Parallelpiped algorithm produced an overall accuracy of 
77.42% (kappa = 0.6492) and the minimum distance to means algorithm produced 
the lowest overall accuracy of 51.61% (kappa = 0.2092).   
 
Both maximum likelihood and Mahalanobis distance algorithms produced identical 
accuracies and kappa statistics.  Such a small reference dataset (n < 30 per category) 
may have precipitated these identical results.  In examining the thematic maps of 
both algorithms, they contain slight differences in pixel assignments that aren’t 
readily observable.  A more robust reference dataset may have produced slightly 
different statistical results in the error matrix but, upon close examination and 
comparison of the thematic maps, the performance of both maximum likelihood and 
Mahalanobis distance algorithms produce near identical classifications in 
delineating wild rice, cattail, and open water categories.   
 
Producer/User Accuracies for Each Algorithm.  For all four algorithms, spectral 
confusion existed between wild rice and cattail.  The higher overall classification 
accuracies were the result of how well the algorithms delineated open water from 
both aquatic vegetation categories.  The error matrix gives detailed information 
about how the algorithm performed in identifying and delineating wild rice from 
other categories in the form of producer and user accuracies.   
 
For the maximum likelihood and Mahalanobis distance algorithms, although 95% of 
wild rice has been correctly classified by the algorithm as wild rice (producer 
accuracy), only 61.29% of the pixels classified as wild rice on the map are actually 
wild rice in the field (user accuracy).  According to the error matrix, 33.00% of wild 
rice category was misclassified as cattail, but none (00.00%) of the cattail category 
was misclassified as wild rice.  For open water, the producer and user accuracies 
were 92.31% and 96.00% respectively, which means that the two algorithms did 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exceptionally well in delineating open water from all aquatic vegetation categories 
(Table 1).   
 
For the minimum distance to means algorithm, the producer and user accuracies for 
wild rice were 30% and 30%, respectively.  The error matrix indicates that 70% of 
wild rice was classified as cattail.  With 16 data points referenced as cattail category, 
cattail could not be classified and delineated from wild rice by the minimum 
distance to means algorithm.  For open water, the producer and user accuracies 
were 100% and 61.90%, respectively.  According to the error matrix, there is 
spectral confusion between open water and wild rice.  According to the user 
accuracy estimates, 34.00% of the area referenced as open water was misclassified 
as wild rice (Table 2). 
 
For the parallelpiped algorithm, the producer and user accuracies for wild rice were 
95.00% and 59.38%, respectively.  According to the error matrix, 35.00% of wild 
rice category was misclassified as cattail, but none (00.00%) of the cattail category 
was misclassified as wild rice.  For open water, the producer and user accuracies 
were 92.31% and 96.00%, respectively, which means that parallelpiped performed 
exceptionally well in delineating open water from all aquatic vegetation categories 
(Table 3). 
 
Spectral Band 7 Anomaly.  When spectral band 7 was added to the stack and 
reclassified, all classification results exhibited a decrease in overall accuracy except 
for minimum distance to mean, which maintained the same overall accuracy and 
kappa statistic (Table 4).  There is little information in the literature on which mid‐
infrared bands are optimal for wetland vegetation discrimination.  Lillesand et al. 
(2008) defines the middle infrared regions (bands 5 = 1.55‐1.75 µm, band 7 = 2.08‐
2.35 µm) as the water absorption bands because they are sensitive to internal plant 
moisture content.  Jensen et al. (1993) found that the middle infrared bands were 
important for discriminating different types of coastal wetlands from adjacent 
uplands.  Sharma et al. (1995) researched the optimal spectral band combinations 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for discriminating oilseed crops, orchards, scrubs, acacias and forests.  They found 
an improvement in crop discrimination by adding a mid‐infrared band (mostly band 
5) to the visible bands (band 1‐2‐3) and near‐infrared band (band 4), but no 
significant improvement was observed when both mid‐infrared bands (bands 5 & 7) 
were used together.  One possible suggestion for this decrease in thematic accuracy 
by spectral band 7 inclusion is “mid‐infrared overkill”.  Because the study area is a 
permanently flooded marsh environment, oversensitivity to water absorption by 
bandstacking the data may classify thinner stands of wild rice as open water.  
According to error matrices, wild rice was misclassified as open water by 
Mahalanobis distance, parallelpiped, and minimum distance to means classifiers by 
84%, 81%, and 34% respectively, but open water misclassified as wild rice was 
47%, 46%, and 30%, respectively.   
 
Bulrush Invisibility.  Bulrush (Scirpus acutus Muhl) is one of the three dominant 
aquatic emergent vegetation species in the Headquarters Bay study area according 
to Ojibwe elder Wallace Humphrey (Humphrey 2010).  However, training data 
polygons could not be developed because the bulrush stands were invisible in the 
remotely sensed pixel data.  One suggestion for bulrush invisibility has to do with 
the plant’s morphology.  Because Bulrush has dark green (0.5‐1 cm thick) vertical 
stems and does not have visible leaves branching off the stalk, light easily passes 
through the canopy and reflects off the water surface.  Because of the dark green 
color and the morphological characteristics of bulrush, passive sensors may detect 
mostly the reflectance of light bouncing off the water and passing through the 
canopy.  Thus, a multispectral satellite image of a bulrush stand may appear like a 
contaminated “open water” signal.  Higher spatial resolution or radar sensors such 
as synthetic aperture radar (SAR) or Lidar may have more success in identifying 
bulrush stands in open water ecosystems.  Bulrush invisibility is advantageous to 
identifying wild rice stands at this spatial and spectral resolution. 
 
Upland Data Mask Assessment.  The hybrid approach using an ISODATA‐generated 
upland mask and a supervised classification proved effective in delineating the three 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categories (wild rice, cattail, and open water) from upland features.  Thus, by 
masking out the upland features, the thematic maps could spatially identify cattail 
stands along the shores of the lake delineated from the upland. 
 
According to thematic maps, the upland mask also created masking polygons within 
the aquatic vegetation categories.  Two possibilities may have accounted for this 
upland “masking” within vegetation categories: 
  
1. floating cattail mats can support the growth of sphagnum moss and other 
peatland vegetation which can resemble upland characteristics, or  
2. there is actual upland in the middle of the large cattail stand.   
 
The research team wasn’t able to penetrate and verify the interior of the larger 
cattail stand although shrubs and peatland vegetation were visible from the boat.  
The 5‐category ISODATA upland mask, along with personal observations, suggests 
that there are upland characteristics inside the large stand of cattail.  
 
Visual Interpretation of Thematic Maps.  Although the classification statistics 
revealed spectral confusion between wild rice and cattail, visual interpretation of 
the thematic maps reveals spatial information of the landcover categories within the 
study area.  In examining the thematic map generated by the maximum likelihood 
algorithm, basic assumptions about the distribution of each aquatic vegetation 
category can be inferred (Figure 6a).  It is apparent that cattail stands line the edges 
of the bay while wild rice inhabits deeper open waters in greater abundance.  Thus, 
it can be argued that wild rice can grow in cattail niches, but cattail cannot grow in 
wild rice niches.  Thus, both plants appear to be water depth dependent. 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VI.  Conclusion 
Addressing Research Questions 
Research Question 1: Can Landsat spatial resolution delineate natural stands of 
wild rice from other emergent vegetation? 
 
Using the thematic map at 30 x 30 m spatial resolution, Ojibwe elder Wallace 
Humphrey was clearly able to make visual interpretations and identify points of 
interest of the study area on Leech Lake.  Clear thematic delineations of wild rice 
and cattail stands were apparent on maps generated by maximum likelihood, 
Mahalanobis distance and parallelpiped algorithms.  The Landsat spatial resolution 
may be adequate for the larger homogenous stands of wild rice and cattail on area 
lakes, but smaller stands and areas of thin vegetation may not be accurately 
detectable and the problem of mixed pixels will arise.   
 
With a pixel area of 900 m2, it was difficult to develop training data for cattail in 
Headquarters Bay study area; in fact, training data polygons could not be developed 
in the Boy River Bay study area because of the sparseness of cattail stands.  With 
higher spatial resolution imagery (smaller surface area per pixel), more robust 
training data can be developed, especially when targeting species‐specific landcover 
categories.  
 
Research Question 2: Can Landsat spectral resolution delineate natural stands 
of wild rice from other emergent vegetation? 
 
The accuracy assessment data indicated that open water was spectrally delineated 
from the two aquatic vegetation categories with good accuracy.  However, there was 
spectral confusion between the wild rice and cattail categories to varying degrees 
with all the tested algorithms. 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With the omission of spectral band 7 and using only spectral bands 1 thru 5, all 
supervised algorithms, with exception to minimum distance to means, exhibited 
increased overall classification accuracy of the study area.   
 
It is recommended that further analysis of the spectral data, in conjunction with 
higher spatial resolution data, be conducted to identify spectral bands or regions of 
the electromagnetic spectrum that are ineffective in identifying and delineating wild 
rice from other aquatic emergent vegetation in permanently flooded area 
conditions.   
 
Research Question 3: Can local Indigenous knowledge contribute to remote 
sensing techniques in delineating natural stands of wild rice from other 
emergent vegetation? 
 
The knowledge of indigenous elders provided the necessary information in which to 
build training data polygons for supervised classification of the study area.  Elders 
Wallace Humphrey and Bob Jourdain contributed to this analysis by: 
  
1. characterizing the species composition and location of the study area, 
2. providing historical (ancillary) information about the study area such as 
flood or drought conditions, good or bad harvest years, presence or absence 
of specific vegetation. 
 
Upon examining a false color map, Mr. 
Humphrey quickly identified the large wild 
rice stand in the Boy River Bay study area 
and described it as pure wild rice with no 
other coexisting species (Figure 7).  Based 
upon Mr. Humphrey’s observations, the 
different categories generated by the   Fig. 7.  ISODATA classification of Boy Bay, 
Leech Lake. 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ISODATA classification algorithm indicate density patterns as opposed to coexisting 
vegetation niches.  This type of information is valuable for characterizing the 
variance in an associated multispectral dataset.  From this study, it is recommended 
that more time be allocated for elders and local rice harvesters to practice 
interpreting the false color images and classified thematic maps of the study area.   
 
Indigenous knowledge may also play an important role in providing ancillary data 
such as periods of drought or flooding for the study area, as these environmental 
variations will impact the spectral response of the vegetation and surrounding 
landscape.  This a priori knowledge will assist in creating more accurate thematic 
maps for wild rice.  
 
Future Recommendations 
More Robust Reference Dataset.  On several days during the week of September 10‐
14, 2010, the winds and wave action were too high to safely get a kayak onto the bay 
for data gathering.  So, only three days were available for data collection, which 
yielded only 203 total reference data points.  As a result of the lack of cattail and 
bulrush stands in Boy River Bay, 121 reference data points were omitted from this 
study.  Also, because of the bulrush invisibility, another 20 data points for the 
bulrush category in Headquarters Bay study area were omitted.  As a result, only 62 
reference data points were utilized for classification accuracy analysis of three 
landcover categories (16 = cattail, 20 = wild rice, 26 = open water).  A more robust 
data set, with at least 30 data points for each category, would have given more 
statistical confidence in the analysis.   
 
Analysis of Different Phenological Stages of the Wild Rice Lifecycle.  For this 
analysis, Landsat‐7 multispectral image data August 22, 2010 was chosen to 
characterize the abundance and distribution of the wild rice crop for that year.  This 
data was chosen because the growth phases in all vegetation categories were 
complete and the robustness of the wild rice crop was at its maximum. 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Other phenological stages in the lifecycle of wild rice may yield more optimal results 
for delineation studies.  For example, the floating leaf stage in the wild rice lifecycle 
may produce more pronounced 
delineation estimates as opposed to the 
harvest stage where spectral confusion 
existed between wild rice and cattails.  
Best et al. (1981) reported that different 
phenological stages in 10 species of 
hydrophytes yielded significant 
differences in reflectance values.  Cattail 
is a perennial species that remains 
vertically erect year after year, whereas 
wild rice has a visually distinct floating leaf stage (Figure 8).  During these time 
periods, delineation features may be at their maximum while wild rice is still 
floating on the surface of the water or in a particular stage of development.  One 
possible complication with the floating leaf stage is the possibility of detecting a 
strong water signal as a result of the young leaf floating directly on top of the water.  
The mixing of water and aquatic vegetation signals will diminish the overall 
reflected radiation in all sensor band regions of the electromagnetic spectrum.   
 
Higher Resolution Sensors and Landsat Continuity Mission 
A new generation of commercial multispectral sensors are emerging with higher 
spatial, temporal, spectral, and radiometric capabilities, which may prove to be 
valuable for aquatic vegetation studies, including wild rice.  The new WorldView II 
satellite has 8 spectral bands including the new coastal blue (400‐450 nm), yellow 
band (585‐625 nm), red edge band (705‐735 nm), and near infrared 2 band (860‐
1040 nm) (DigitalGlobe 2011).  These extra bands in the visible and near infrared 
spectrum may prove invaluable in delineating upland and wetland vegetation.  Also, 
the WorldView II satellite sensor has a 46 x 46 cm spatial resolution and a revisit 
period of 1.1 days that will provide more precise characterizations of edge 
boundaries and distribution patterns of landcover categories. 
 
Fig. 8  Floating leaf stage of wild rice.  Photo by 
Michael Price. 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The advantage of refining the analytical techniques using Landsat multispectral data 
is because of the continuous Landsat landcover data archive.  If wild rice detection 
and delineation are successful using Landsat, tribal nations that traditionally 
harvest wild rice will have access to 30 years of 30 x 30 m multispectral data.  The 
Landsat Data Continuity Mission (LDCM), scheduled to launch in December 2012, 
will continue to grow the global multispectral imagery archive 
(http://ldcm.nasa.gov), which will be important for multi‐temporal change 
detection analysis and climate change impacts. 
 
Unmanned Aerial Vehicles (UAVs): The Future of Vegetative Remote Sensing 
Satellite remote sensing has its limitations in obtaining optimal multispectral 
imagery for vegetation analysis.  Limitations for satellite remote sensing are 
timeliness, atmospheric attenuation, repair, and maintenance.  In regards to 
timeliness, satellites have fixed orbital paths and speeds that produce predictable 
revisit times.  Phenological changes in vegetation can occur within days, which 
doesn’t always align with satellite flyovers.  Also, the time of day for obtaining 
optimal multispectral data is not an option for high altitude orbital satellites.  
Clouds, haze, light scatter, and path radiance are prevalent distortions in satellite‐
derived multispectral imagery.  Image correction is usually required especially for 
multi‐temporal studies.  Repair and maintenance are not conventional options for 
orbital satellites.  A perfect example is the Landsat‐7 scan line corrector (SLC) 
malfunction on May 31, 2003 in which all Landsat imagery acquired after that date 
were permanently affected.  There is no way to easily repair an orbital satellite at 
750 km above the earth’s surface.  Thus, the search for cost‐effective and optimal 
digital imagery acquisition continues.   
 
The use of unmanned aerial vehicles (UAVs) offers an alternative to cost‐effective 
vegetative remote sensing and may soon compete with, if not replace, orbital and 
manned airborne satellite sensor platforms in the future.  Berni et al. (2009) 
demonstrated that low‐cost UAVs could produce quantitative remote sensing data 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products with spatial (20 cm), spectral (0.4 to 0.8 µm), and temporal resolutions 
comparable to manned airborne sensors.  Different types of UAVs are rotary‐wing 
(helicopter) and fixed‐wing platforms, and both carry an array of optical sensors, 
GPS navigation, and video capabilities. 
 
Advantages of UAV remote sensing are: 1) rapid deployment capability for 
phenological timeliness, 2) remote area accessibility, 3) low altitude flying, 4) longer 
flight durations over study area, 5) lower fuel costs, 6) slower flight speeds, and 7) 
variable spatial resolutions from same sensor.  The disadvantages of UAV remote 
sensing are: 1) sampling height distortions, 2) sampling pattern distortions, 3) take‐
off and landing requirements, 4) motor vibrations affecting image quality, and 5) 
restrictive FAA flight regulations for larger UAVs.  Figure 9 gives examples of 
different types of unmanned aerial vehicles (UAVs). 
 
UAV remote sensing technologies have been 
used for numerous types of landcover and 
agricultural studies.  Laliberte et al. (2010) 
developed an ortho‐rectification procedure for 
creating large mosaics of small‐footprint UAV 
images of rangelands in southwestern Idaho.  
Götogan et al. (2010) utilized a rotary‐winged 
UAV equipped with low‐cost sensor suite for 
monitoring aquatic weed infestation in an 
inaccessible marsh habitat near Sidney, 
Australia.  Herwitz et al. (2004) demonstrated 
the “loitering” capability of a UAV hovering 
over a coffee plantation in Hawaii for 4 hours 
awaiting cloud‐free imagery on a cloudy day.  
Rango et al. (2006) demonstrated that data 
products from numerous types of platforms including spaceborne, airborne, UAVs 
  
 
 
Fig. 9.  Unmanned aerial vehicles.  
Courtesy of NASA. 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and ground‐based boom photography, can work in unison for in‐depth rangeland 
analysis.  For forest fire detection and monitoring, Ollero et al. (2006) examined the 
potential for UAV multispectral applications in the “before‐during‐after” scheme to 
firefighting.  Casbeer et al. (2005) developed a path‐planning algorithm for 
deploying multiple UAVs for large wildfire scenarios in inaccessible mountain 
terrain.  Figure 6 displays four different types of UAVs. 
 
For many tribal nations, much of their territories are in remote regions of the 
country and, oftentimes, many of these areas are difficult to access such as the wild 
rice stands of the Leech Lake reservation.  Low‐cost flyovers using UAVs can benefit 
tribal nations in the monitoring and management of their natural resources such as 
buffalo rangeland management, caribou migratory routes, forest resources, salmon 
habitat, or wild rice. 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